Ordinary electrolytic polymerization has involved plastic-type polymer solutions. Rubber, especially natural rubber, is one such polymer solution. Rubber has not been focused on until recently due to the fact that electrolytic polymerization has only a very small effect on rubber. However, when we focus on the C=C bonds of natural rubber, the same electrolytic polymerization is applicable to be enlarged on the natural rubber if a magnetic field and a filler are added. With the application of a magnetic field and a magnetic responsive fluid such as magnetic compound fluid (MCF), the effect of electrolytic polymerization on NR-latex such as plastic-type polymer solutions is enhanced, and the thickness of the vulcanized MCF rubber grows in a short time. The present new method of vulcanization of MCF rubber is effective enough that it is widely used in haptic sensors in various engineering applications. In the present report, as mechanical approach for the sensing, by measuring the temperature under electrolytic polymerization, by investigating the electric and dynamic characteristics, and by observing the magnified appearance of the MCF rubber, we clarified the extrinsic effects of many experimental conditions, including magnetic field strength, applied voltage, the electrodes gap, mass concentration, and the ingredients of the MCF. This report is Part 1, to be followed by another sequential report, Part 2, in which other intrinsic effects on the characteristics are dealt with. The experimental conditions used and the results obtained in the present report provide valuable data that will be useful in the making of MCF rubber.
Introduction
The development of conductive polymers has become more common and the principle on which it is based is well-known. Since Heeger, MacDiarmid and Shirakawawa were awarded the Nobel Prize in Chemistry in 2000 [1] , the method of electrolytic polymerization has been used to further develop on electrically conductive polymers, not only polyacetylene, which they dealt with, but also polyparaphenylene, polyaniline, polypyrrole, etc. The most conductive polymers have π bonds such as isoprene C=C in the main chain and then become π-conjugated polymers. The π-conjugated system is such an important factor because it produces electrical conductivity. By methods of catalysis such as the Ziegler-Natta method [2] or by doping using I 2 , AsF 5 [3] , etc., the carrier freely moving through the C=C induces electrical conductivity so that the plastic becomes conductive, although ordinal polymer solutions are insulators.
Electrolytic polymerization has been applied only in plastics in polymer solutions.
Rubber is one such polymer solution. Rubber has not been focused on until recently due to the fact that the effect of electrolytic polymerization is very small in rubber. Only a few reports have shown that a rubber was used together with other polymer solutions as plastic materials under the electrolytic polymerization [4] [5] . The report conducted by Pojanavaraphan, et al. [4] is a notable example on the point of utilizing with a natural rubber. The typical feature of their method is the electrolytic polymerization of the synthetic polymer solution with a pyrrole as composite. There have been few investigations dealing with the technique of electrolytic polymerization on rubber until recently.
Only few attempts have so far been made at the electrolytic polymerization of a natural rubber itself. However, some rubbers, such as natural rubber, have C=C. If natural rubber can be electrically polymerized in some added manner, it would have electrical conductivity. It is important to focus on and utilize the C=C in natural rubber. In fact, even when we apply an electrical field to natural rubber, we can observe that the polymerized thickness is about 0.15 mm, which is the same as the thickness to which natural rubber is dried in the atmosphere [6] [7] . The polymerized natural rubber has slight electrical conductivity, as shown in the following sections in the present report. Natural rubber has an electrical resistivity of 1014 Ω•m. Therefore, it is necessary to devise methods of electrolytic polymerization of natural rubber. Shimada proposed a new method of electrolytic polymerization with the aid of a magnetic field and magnetic compound fluid (MCF) as a filler [6] [7] . It has been considered important to enhance the electrolytic polymerization with a magnetic field. In addition, MCF rubber is made in a short time, because it is produced on the electrode's surface when the electric field is [8] . The magnetic clusters formed by the aggregation take shapes such as prolate spheroids, needles, or networks as a result of the application of a magnetic field. Therefore, when natural rubber combined with MCF is electrically polymerized under the application of a magnetic field, the magnetic cluster is aligned along the direction of the magnetic field lines in the same direction as the electric field. The polymerized C=C arrays along the same direction as the magnetic clusters. The system was demonstrated in the previous paper, as shown in Figure A1 in the Appendix [7] . At the same time, the C=C bonds are vulcanized by radial polymerization as shown by the letter C in Figure A1 . In addition, the vulcanization reaction to radical polymerization occurs as a result of the carboxyl group COOH of the oleic acid coating Fe 3 O 4 , and then C=C and Fe 3 O 4 are bonded as shown by the letter D in Figure A1 . The detail investigation of the electrolytically polymerized MCF rubber by material analysis is interesting and significant, however, this is irrelevant to the main subject. Therefore, we may leave the details and will show them in another report.
The efficacy of the magnetic clusters involved in the MCF at the various engineering applications, for example, damper [9] - [11] , polishing [12] - [17] , and MCF rubber made of silicon-oil rubber [18] - [21] has been clarified. The properties of their engineering applications changes to be enhanced by the behavior of the magnetic clusters controlled by the applied magnetic field, comparing to those in the case of utilizing ordinary magnetic responsive fluids, for example, MF and magneto-rheological fluid which are called as another name, intelligent fluid.
Thus, it is important to focus on and utilize the C=C in natural rubber as well as the magnetic clusters. The magnetic cluster is considered one of the fillers that are commonly used in polymer solutions. Also, the polymerization effect is enhanced by utilizing a magnetic field as well as magnetic filler. Another kind of rubber having isoprene bonds can also be used. Rubber electrolytically polymerized by this new method of enhancement of polymerization with the aid of a magnetic field and MCF as filler is useful in engineering applications because rubber has properties that are different from the properties of plastic. The best features of natural rubber are its elasticity, expansion, and softness. Rubber has also the durability to undergo repeated stressing. Owing to these features, when rubber is utilized in a haptic sensor [22] - [24] , it is very effective when used as a skin covering a robot. Currently, the inner mechanism of the robot is exposed or the robot's skin is made of a hard material such as plastic or metal. If rubber is used, the robot would be more human-like, especially when it is necessary to have the sensor or skin be sensitive to force and temperature. On the other hand, although ordinary Piezo-electric elements, Peltier elements, or strain gauges are fragile [25] - [28] , they are durable to impact or repeated force and expansion if they are made of rubber.
In particular, the Piezo element has shown durability in oscillation power generation.
In addition, it can be utilized as an actuator, and its effectiveness has been shown by utilizing other polymer solutions not containing rubber but that have elasticity [29] - [31] . Thus, it would be useful to make rubber electrolytically polymerized material.
However, previous papers [6] [7] have shown the principle of the new method of electrolytic polymerization that involves with the aid of a magnetic field and an MCF as denoting the applicability of the MCF rubber sensor made by the new method for sensing. Also, the applicability of the enhancement of electrolytic polymerization using a magnetic field to haptic sensor, which is necessary to produce eminent electric and dynamic properties, has been shown through investigating mechanical approach. However, the detailed experimental conditions for the new method of electrolytic polymerization with the aid of a magnetic field and MCF have not been determined. The electrical conditions of the applied voltage and electric current, the magnetic field strength, the concentration of particles in the MCF, the electrodes gap, the ingredients of the MCF rubber, and so on are important factors in the experimental conditions. The vulcanization of the MCF rubber varies in correlation with these factors. In the present report, therefore, we clarify the effect of these extrinsic experimental parameters on the new method by investigating electric and dynamic characteristics of the MCF rubber by the same mechanical approach as in the previous research [6] [7] .
In addition, prior to our clarification of the effect of the experimental parameters in the present report, we also investigate the mechanism of electrolytic polymerization by the new method in greater detail by measuring the temperature under the vulcanization.
However, there are also other effects of parameters to be seen in the ordinary electrolytic polymerization of plastic-type conductive polymer solutions. In addition, the present new method is distinctive in that it uses only a magnetic field without the complementary technique of another catalyst or of doping in the electrolytic polymerization. If the MCF rubber is doped with chemicals, other elements could be devised other engineering applications except for the haptic sensor, for example, Piezo-electric elements, Peltier elements, a capacitor, a battery, and so on. The experimental condition can be understood to be one of extrinsic effects on the MCF rubber. We can understand that the doping is situated on one of extrinsic effects on the MCF rubber and the intrinsic effect, for example, Piezo effect is occurred by the doping. Therefore, the intrinsic effect as well as the extrinsic effect should be investigated. Regarding these topics, a sequel to the present report, to be referred to as "Part 2", will follow.
New Method
We used the same ingredients in the present MCF rubber liquid as in the previous report [7] ; these included Ni powder having μm-ordered twig-shaped particles (No. 123 by Yamaishi Co. Ltd. in Japan), water-based MF containing Fe 3 O 4 , and NR-latex (Rejitex Co. Ltd. in Japan). The mass concentration of the magnetic and metal particles was between 33.8 wt% and 69.1 wt%. The procedure for making MCF rubber by the new method was the same as in the previous report [7] as shown in Figure 1 . The MCF As in our previous report [7] , we investigated the properties of MCF rubber in order to determine whether it could be applied for use in the preceding applications. Many experimental approaches can be considered, for example, dynamic measurement of stress-strain response, electrical measurement of electric current and resistance, and et al. In the present investigation, for the preceding haptic sensing utilizing electric current or resistance, we deal with electrical experiment.
Effect of Parameters on MCF Rubber Vulcanization
In the previous report [7] , the changes in the MCF rubber vulcanized under electrolytic polymerization at the case of 1-mm electrodes gap were measured in terms of changes in thickness, voltage, and electric current, as shown in Figure A2 in the Appendix. The thickness of the vulcanized MCF rubber increased when electricity was applied. In Fig- ure A2, the changing thicknesses of the MCF and NR-latex rubbers due to electrolytic polymerization without the application of a magnetic field are also shown. The thickness of NR-latex electrolytically polymerized by just an electric field was about 0.15 mm. The thickness is the same as that of a membrane vulcanized by drying only under atmospheric temperature. On the other hand, the thickness of the MCF rubber without the magnetic field was smaller than that with the magnetic field. Therefore, the applications of the magnetic field and the MCF as filler were sufficient to enhance the rubber thickness.
The changing thicknesses of the MCF rubber can be explained by the fact that the thermal energy converted from the applied electric energy contributes to the vulcanization. As the electrolytic polymerization is enhanced, C = C bonds have greater thermal energy, and then the vulcanization increases. The temperature of the MCF rubber that had a small electrodes gap in the middle of the vulcanization, data that was not shown in the previous report [7] , is very important to know when investigating electrolytic polymerization. Therefore, we measured the temperature using a thermocouple inserted between the electrodes at the case of 1-mm electrodes gap as shown in Figure A3 in the Appendix. Hi-Chemical Co. Ltd., Japan), and 12 g of NR-latex, and the mass concentration of the magnetic and the metal particles is 48.8 wt% in Figure 3 and Figure 4 as well as in Figure 2 . In Figure 2 , the magnetic field strength at the position of the MCF rubber liquid between the electrodes is shown. The results of NR-latex rubber, indicated as "NR-latex", and those of MCF rubber under the application of an electric field without a magnetic field, indicated as "Non-magnetic field", are also shown for comparison. In the case in which only NR-latex rubber was used, there was no electrolytic polymerization. When the electricity was first applied, the voltage was held constant at an initial voltage of 6 V, and the electric current was zero because the MCF rubber had not yet vulcanized, and the electrical resistance of liquid MCF rubber is large. Soon after the initiation of electricity, the MCF rubber began to be polymerized electrolytically and thermally, and its thickness increased because the electrolytic polymerization was enhanced along the magnetic field lines by the magnetic cluster. In the cases with no magnetic field and with low magnetic field strength as shown at 130 mT, because the growth of the electrolytic polymerization was small, the temperature held constant before the electric field was applied. As the magnetic field strength became greater, the growth of the electrolytic polymerization did not increase. There is an optimum magnetic field strength for the growth of electrolytic polymerization. This is because the magnetic clusters consisting of Fe 3 O 4 and Ni aggregated larger due to the application of a greater magnetic field at 490 mT, and the electrolytic polymerization of C=C is then suppressed by the magnetic clusters. the electric field has spikes due to the application of the magnetic field. The appearance of the spikes is related to the vulcanization. Figure 3 shows photographs of the spikes in the MCF rubber due to the application of the same magnetic field as that used in Ltd., Japan) and 12 g of NR-latex, which is the same MCF used in Figure 2 . Before the application of the electric field, the spikes in the MCF rubber liquid became more solid as the magnetic field strength decreased from the type in Figure 3 (d) to the type in Figure 3 (a). The cause of this was as follows. In the case of a high magnetic field strength, Fe 3 O 4 and Ni particles were aggregated rigidly along the magnetic field lines.
The solid and liquid states of the MCF rubber were then separated easily and a watery part appeared in the MCF rubber. In contrast, in the case of a small magnetic field, the solid and the liquid states of the MCF rubber became mixed and the MCF rubber be-came solid. On the other hand, the thickness of the electrolytically polymerized MCF rubber after the electric field was applied for 30 min is shown in Figure 4 , when the electricity was applied at 6 V and 2.7 A with a 1-mm space between the electrodes. The MCF rubber used had the same ratio of ingredients as in Figure 2 and Figure 3 . The figure shows that the vulcanized MCF rubber has a maximum thickness. In the case of the large magnetic field, because the rigidly aggregated particles were separated into solid and liquid states, the electrolytic polymerization of C=C was oppressed by the magnetic clusters, and the temperature at the vulcanization and the growth of the electrolytically polymerized MCF rubber did not reach their maximums. In the case of the small magnetic field, because the density of the magnetic clusters became small, the temperature at vulcanization and the growth of the electrolytically polymerized MCF rubber did not reach their maximums. Therefore, there is an optimum magnetic field strength at which the temperature at vulcanization and the growth of the electrolytically polymerized MCF rubber reach their maximums, as shown in Figure 2 and Figure 4 .
Thus, MCF rubber in a moderate mixed solid and liquid state has a relation to the temperature and thickness of the vulcanized MCF rubber under electrolytic polymerization. A. The applied magnetic field was 188 mT. The larger the electrodes gap was, the larger the growth of the electrolytic polymerization became. This occurred because the electrolytic polymerization spreads in the direction of the applied electric field. Therefore, if we make thicker MCF rubber, we only have to apply the electric field for a longer time and with a greater electrodes gap.
Time Variation of Electric Characteristics

Experimental Procedure
In electrolytic polymerization, the thickness of the MCF rubber grows with the addition of the magnetic field. The thickness of the vulcanized rubber was shown in a previous report [7] . However, the properties exhibited by vulcanized MCF rubber have not been clarified. We investigated the properties of MCF rubber in the middle of the process of vulcanizing by electrolytic polymerization in order to check the viability of the method for use in engineering applications in which electric characteristics are important. We examined the electrical characteristics under normal and shear forces, which are often applied to the haptic sensors widely used in various engineering applications, as shown in a previous report [7] . Because of the effect of the filler used in the MCF rubber on the electrical properties of the rubber in the direction of its thickness, we measured volume resistance, as in the previous report [7] .
First, we used the experimental apparatus to measure the electric current, the voltage, or the electrical resistance between the electrodes opposing each other with the applica-tion of a normal force to the vulcanized MCF rubber as indicated in the previous report and shown in Figure A4 in the Appendix [7] . For convenience, this experimental procedure is referred to as normal force experimental (NFE).
Secondly, we used another experimental apparatus to measure the electric current, the voltage, or the electrical resistance within the vulcanized MCF rubber with the application of a shear force as indicated in the previous report and shown in Figure A5 in the Appendix [7] . For convenience, this experimental procedure is referred to as shear force experimental (SFE).
Results
As shown in Figure A2 in the Appendix, the thickness of the vulcanized MCF rubber increased. As for the experiment shown in Figure A2 , Figure 7 shows the changes in electrical resistivity at each time of vulcanization: 3 sec, 6 sec, 12 sec, 16 min and 30 min. The normal force changed under shearing motion according to the elasticity of the MCF rubber; the initial normal force before moving is indicated as "Initial normal force". Regarding SFE, the greater the electric current was, the more sensitive the rubber was when utilizing as a sensor with shearing motion. As the vulcanization time was longer, the electrical resistivity was smaller in the case of NFE, and the electric current was larger in the case of SFE. Regarding SFE, at the initial comparative time, the fluctuation of the electric current increased. Therefore, as for SFE, the MCF rubber made using short-term vulcanization could be useful in haptic sensors because concave and convex surfaces can be obtained through the variation of the electric current. By the way, when MCF rubber was made with a 1-mm depth by applying an electric field at 6 V, 2.7 A, and a magnetic field at 188 mT, a duration over which these fields are applied of around 30 min is suitable for the MCF rubber to be vulcanized moderately. At an application time of less than 25 min, the vulcanized MCF rubber shows slight fluidity, and at more than 35 min it is vulcanized firmly with cracking in places. When we make MCF rubber with a depth greater than 1 mm, this application time needs to be more than 30 min.
The MCF made with the new method of electrolytic polymerization supplemented by a magnetic field shows superior electrical characteristics to other commercial pressure-sensitive electrically conductive rubbers (PSECRs) in both NFE and SFE. This was clarified based on the electric characteristics shown in Figure A6 in the Appendix. The results are for PSECRs made of NR-latex because the present rubber is made of NRlatex.
Effect of Parameters on Electric Characteristics
Next, we investigate the effects of the experimental parameters of the magnetic field strength, the concentration of particles of the MCF, the electrodes gap, the ingredients of the MCF rubber, etc., on the electrical characteristics of the vulcanized MCF rubber made by the new method. The figures presented in this section are the results found using the same experimental procedure of NFE and SFE as shown in the last section.
They also indicate the results for the MCF rubber under the application of an electric field for 30 min. Regarding SFE, the greater the electric current was, the more sensitive the rubber was when it was utilized as a sensor with shearing motion.
The effect of the applied magnetic field strength is shown in Figure 8 The effect of the mass concentration is shown in Figure 9 . The electricity was applied at 6 V and 2.7 A with a 1-mm space between the electrodes. The applied magnetic field was 180 mT. In the figure, the mass concentration of the magnetic and the metal particles was 33.8 wt% with 2.1 g of Ni, 0.525 g of water-based MF having 40 wt% of Fe 3 O 4 (W-40, Taiho Kozai Co. Ltd., Japan), and 4.2 g of NR-latex; 48.8 wt% with 12 g of Ni, 3 g of water-based MF having 40 wt% of Fe 3 O 4 (W-40, Taiho Kozai Co. Ltd., Japan), and 12 g of NR-latex; 69.1 wt% with 12.4 g of Ni, 3.15 g of water-based MF having 40 wt% of Fe 3 O 4 (W-40, Taiho Kozai Co. Ltd., Japan), and 4.2 g of NR-latex. In regard to the mass concentration, the same qualitative tendency was observed as in the effect of the magnetic field strength as shown in Figure 7 , i.e., the tendency for there to be an optimum mass concentration, in both NFE and SFE.
The effect of the electrodes gap is shown in Figure 10 . The electricity was applied at Regarding SFE, the variation of the electric current was almost the same independent of the electrodes gap. This tendency implies that the mechanism by which the electric current flowed within the MCF rubber in the case of SFE was different from that in the case of NFE. As for NFE, the electric current flowed in the same direction as the aligned C=C and magnetic clusters. As for SFE, the electric current flowed transversely to the direction of the aligned C=C and magnetic clusters. Therefore, the electric current in the former case flowed more easily than in the latter case.
The effect of the ingredients of the MCF rubber is shown in Figure 11 . The electricity was applied at 6 V and 2. 
Concluding Remarks
By focusing on the C=C in natural rubber, NR-latex, we conducted electrolytic polymerization aided by the application of a magnetic field and MCF as a filler, and we were able to produce electrolytic polymerization in NR-latex, such as plastic, in a polymer solution. We observed many effects of the enhancement of the electrolytic polymerization by mechanical approach as follows.
There are an optimum magnetic field strength and optimum applied voltage that can maximize the growth of electrolytic polymerization. These optima occurred due to the correlation of the magnetic clusters consisting of The larger the electrodes gap was, the larger the growth of the electrolytic polymerization became. This occurred because the length of the electrolytic polymerization spread in the direction of the electric field. Regarding NFE, as the electrode gap became larger, the electrical resistivity decreased. However, regarding SFE, the fluctuation of the electric current showed almost the same quantitative tendency independently of the magnitude of the electrodes gap, which is different from NFE.
When the MCF was compounded by just MF, the electrical characteristics were very weak. Therefore, the metal particles such as Ni were very important to the growth of the electrolytic polymerization and the alignment of the magnetic clusters.
As for SFE, the MCF rubber made by short-term vulcanization could be useful in haptic sensors because concave and convex surfaces can be obtained by varying the electric current.
The atmospheric conditions, namely the humidity and the temperature of the atmosphere, are also important experimental conditions in the making of MCF rubber.
On the basis of the results obtained in the present report, we can change the electrical characteristics of MCF rubber using these experimental parameters when we use MCF rubber in engineering applications such as haptic sensors.
The schematic diagram of electrolytic polymerization of the new method was shown in a previous report as shown in Figure A1 [7] . At the cathode, the surface of the MCF rubber becomes rugged due to the tip of the growing vulcanization of the MCF rubber.
At the anode, cationic polymerization occurs, and at the cathode anionic polymerization occurs, as indicated by the A and F labels within Figure A1 . Figure A2 shows the changes over time of the thickness of the vulcanized MCF rubber, Figure A1 . Model of electrolytic polymerization and vulcanization of MCF rubber by the present new method [7] . Figure A2 . Changes in voltage, electric current, and thickness of MCF rubber over time during the period of vulcanization. The data indicated "NR-latex + MF + Ni, mag." were shown in the previous report [7] . The position of the thermocouple used to measure the temperature of MCF rubber vulcanizing under electrolytic polymerization is shown in Figure A3 . The thermocouple is inserted between the electrodes when we make the MCF rubber.
The experimental apparatus shown in Figure A4 is used to measure the electric current, voltage, or electrical resistance between the electrodes opposing each other under the application of a normal force to the vulcanized MCF rubber as indicated in the previous report [7] . We use an electric power supply of 10 V and an electrical resistance of Figure A3 . The thermocouple used to measure the temperature of MCF rubber is inserted between the metal plates while the MCF rubber is being made. Figure A4 . Schematic diagram of the experimental apparatus investigating the electrical characteristics in the case of NFE. The diagram at right shows the details around the electrodes section [7] . Another experimental apparatus shown in Figure A5 is used to measure the electric current, voltage, or electrical resistance within the vulcanized MCF rubber as indicated in the previous report [7] . We use an electrical power supply of 10 V and an electrical resistance of 1.8 kΩ. Both tips of the solidified MCF rubber are settled between the two electrodes of the stainless plate. The MCF rubber is touched to a rubbing material having a surface roughness of R a = 20.86 μm, R y = 199.9 μm, R q = 26.89 μm, and is moved parallel to the material surface by an actuator with a moving speed of 5 mm/s and a sweeping distance of 50 mm. A hard non-electric body with φ 5 mm is interposed between the MCF rubber and the acrylic resin body so that the MCF rubber can be touched exactly. Figure A6 shows the electrical characteristics of the PSECR made of NR-latex, except for those made of silicon oil and CR rubbers as shown in the previous report [7] . Figure A5 . Schematic diagram of experimental apparatus investigating the electric characteristics in the case of SFE. The diagram at right shows the details around the electrodes section [7] . Submit or recommend next manuscript to SCIRP and we will provide best service for you:
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